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ABSTRACT

A representation of the Univac AN/UYK-20 computer sys-

tem has oeen emulated on the Burroughs D Interpreter-Based

System. The entire AN/UYK-20 instruction reoertoire has

oeen emulated with the exception of the 'math pac ' option

(floating point arithrretic and cordic functions)^ clock and

interrupt codes/ and inout/output operation codes. Modular

design with extensive documentation has been imolemented

throughout orogram development allowing for ease of modifi-

cation and further extensions to the existing emulation.

Emulation and the haraware architecture of the AN/UYK-20 and

the Burroughs D-machine^ are discussed in conjunction with

the AN/UYK-20 emulation itself. Methoas of testing and

deougginq, samole test oroorams and recommendations for con-

tinued oesiqn modifications to the emulation are presented.
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I. INTRODUCTION

A. STATEMENT OF THE PROBLEM

The Navy has been challenaed with maintaining the

newestf fost efficient tactical data systems consistent with

the continually increasing demands and reguirements of the

real-time environment. There is an extensive conversion

effort reauired to change from existing systems to newer

more sophisticated technology such as the AN/UYK-20.

Inherent in uograding to a new system is the complex

software redesign and modification process which is often

hindered by ti^e absence of the new computer system.

Unfortunately* the demands of a military installation

reguire software generation prior to i mo 1 emen t a t i on of an

upgradea computer system. One solution to this problem is

to utilize for software develooment an intermediate computer

system wnich has the capability of emulating the anticipated

target 'machine. This provides a vehicle for software

design/ development* and testing prior to transitioning to

the new system.

Currently* the '^laval Postgraduate School (NPS) Computer

Science Department maintains a Burroughs Interpreter-Based

System known as the Burroughs D-machine. The D-machine is

capable of oeing m i

c

roprgar ammed to emulate any of a miriad





of tarqet machines. It effectively enables students to

create their own comouter knowing only the machine instruc-

tion repertoire for the control unit in the target machine.

The problem presented was to develop a feasible working

moael of the AiNj/UYK-20 on the microprogrammable Burroughs

D-machine, The project orovided an opportunity to obtain

practical experience ^ith contemporary hardware and to mani-

pulate writeaole control stores to imitate a i^Javy tactical

compu t e r

,

B. APPLICATIONS OF THE Arj/UYK-20

The IJnivac AN/UYK-20 minicomputer is a general purpose

militarized aiqital comouter adaptable to numerous tactical

apDlications. The Aij/iJYK-20 has been successfully utilized

in many t i me -c r i t i c a 1 » real-time systems including fire con-

trol radar/ communication controllers^ sional processing

analyzers for sonar and beacon signals* and numerous weapons

control systems. A suDseauent chaoter will be devoted to

the technical asoects and internal design of the AN/UYK-20,

Because of its sizer ruggedness* and computing capabili-

tieSf tne AN/UYK-20 has been designated the Navy's standard

tactical minicomputer lib]. It was selected for emulation

in order to provide a feasible platform for software

development to those military installations either contem-

olating or in the process of receiving an AN/UYK-30,

10





A workable emulation would allow military apoHcations

such as data reductionr navigation* telemetry^ sensor pro-

cessing/ ranae tracking and logistics to have software pack-

ages developed/ testeo/ and modified prior to arrival of the

AN/UYK-20, Furthermore/ it would permit personnel to become

familiar with the machine by providing advanced training/

thereDy easing the transition phase to the new system,

C. PROJECT DESIGN OBJECTIVES

Several design techniques were used throughout the

development of this oroject: 1) modularity/ 2) structured

programming/ and 3) extensive documentation. These design

features will aid the interested reader as well as simplify

any future extensions or modifications to the existing emu-

lation.

•"^odular design was utilized by creating independent pro-

gram segments which were individually developed/ debugged/

and tested. These moaules or subroutines crovided a strong

foundation wfiich were readil/ modified throughout the entire

programming effort. Conceptually/ the emulation was divided

into relatively small entities which were further reduced to

program segments rarely exceeding one page in length.

Structured oroaramming was demonstrated by utilizing a

limited number of control flow structures and maintaining a

common logical desian throughout the entire emulation.

Comprehensible code held precedence over extremely efficient

1 1





code

.

In addition to mooularitv and structured programming,

the entire programming endeavor v^as suoplemented with exten-

sive commenting to orovide the necessary self-documentation

to DTomote and facilitate program translation, modification,

and fusing w i t n the other indeoendent modules. These con-

cepts oromoted the extensive team effort required to achieve

the research goals. In addition, it will provide ease of

program maintenance and modification in the future.

1?





II. EMULATION

A. HISTORICAL BACKGROUND

The term microprocramminq was first utilized in an arti-

cle by Professor M. v. /Jilkes of the Cambridge University

Mathematical Laooratory in 1^51 [2^1, his paper concen-

trated on a control section within the comouter which, when

p rogramma t i c a 1 1 y controlled, performed req i s t e r-t o-regi st er

data transfers seauentially and in parallel for the execu-

tion of a single machine instruction. A sequence of opera-

tions (microinstructions) required for execution of a

machine instruction is considered a microprogram.

Traditionally, the computer has been composed of essen-

tially five components: the arithmetic/loqic unit, the con-

trol unit, memory or Storage, input, and output (Figure

II-l). Tne control section sets the prooer conditions for

the opening and closing of required gates in the logic net-

work. Historically, the control section has been hardware

consisting of a series of decoders and flip-flops along with

their associated circuitry. Therefore, every machine

instruction had a fixed interpretation which was hardwired

within the control unit.

In I'^SZ, .'iilke's definition of microprogramming was

slightly modified. It was defined as a technique of design-

13





ing the control circuits of an electronic digital comouter

to interpret and execute a given set of machine ooerations

as an equivalent set of ^^ i c ro-ooera t i ons [151.

The hardwired control section can be modified by inter-

changing ROM modules or other hardware components^ by

replacing the control section with a programmable (dynami-

cally writeable) control store which in itself is a separate

word-organized memory (Figure 11-2) or by combining both

approaches. A programmable control store allows rapid

changes in the machine's instruction repertoire while main-

taininq maximum design flexibility. The resulting computer

system is m i c rop rogr am-r^ab 1 e and capable of storing a series

of criangeable machine Personalities.

The computer control store can thus be modified to allow

tne execution of machine 1 anguaoe programs intended for a

variety of machine architectures. This process can be com-

pared to replacing hardware components founa in convention-

ally designed comouter systems. The primary advantage of

microprogrammed logic is the capability to perform various

control sequences without hardware modifications. The pro-

cess throuqh which the hardware components of one machine

(host) are made to imitate the specific hardware charac-

teristics of another macnine (taroet) is known as emulation.

la
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Emulation allows the computer scientist to create vari-

ous machine architectures from a single m i c roproqrammab 1

e

host. The complete set of microprograms (firmware) and the

necessary hardware* as well as the required software* added

to one computer system enabling it to execute programs

designed for another system is known as an emulator.

B. MICROPROGRAMMING

Computer manufacturers have made available numerous

microoroarammaole machines which permit the user to tailor

his instruction repertoire to meet the neeos of his particu-

lar application. Some examples of m i

c

roorogr ammab 1 e com-

puter systems are the Burroughs D-machine* the Nanodata

QM-1, the Varian 73* the Standard Logic CASH-8* or the

Hew 1 e 1
1 -Pac K a rd 2100. These m i

c

roorogrammab 1 e systems pro-

vide the benefits of flexibility* lower system costs and a

systematic approach to system design if utilized effec-

tively.

i'Jhen a manufacturer desiqns a dynamically writeable con-

trol store* the amount of parallelism to be allowed must be

determinea. Parallelism is aefined to be the simultaneous"

control of numerous hardware resources. There are basically

three forms of control: vertical* horizontal* and residual.

In ver'tical m i c roo rcg r amm i no * each instruction controls a

single operation with proaram flow being sequential* unless

the instruction was a conditional or unconditional brancn.

By contrast* a horizontally microprogrammed machine is

16





oroqrarnmea via instructions i«hich simultaneously control

multiple resources including condition testing and microin-

struction sequencing.

Horizontal microinstructions usually are not encoded

which means each bit controls one machine resource or opera-

tion. They usually have a wider word than vertical instruc-

tions and consequently consume more memory. Vertical

instructions are usually encoded with one or two levels.

Encoding means the value of a control field in the microin-

struction is a binary code soecifying which resource or

operation is to be performed. The horizontal microinstruc-

tions have the potential of being much more efficient

resource managers and conseauently are more difficult to

optimally design than their vertical counterparts,

Combinim the attrinutes of horizontal and vertical

microprogramming results in residual control. This method

saves memory by using vertical microinstructions while

simultaneously control lino multiple parallel resources via

setup reqisters.

''Microinstruction imolementation severely effects the

speed of microprogram execution. In serial implementation^

one microinstruction is fetched ana fully executea prior to

fetching tne next instruction. This technique offers the

advantage of logical simplicity while suffering from lack of

efficiency since it consumes the maximum amount of time.

'Parallel' implementation oermits fetching of the next

17





instruction be^fore t er-n i na t i on of the orevious instruction.

The oDvious advantage is execution soeed which is of utmost

importance when emulating another machine (Figure II-3) 12],

Another sianificant m i c roorogrammi ng characteristic is

the numoer of chases used in the execution of each microin-

struction, A monoDhase system means there are no subdivi-

sions of the basic clock pulse and conseauently each

microinstruction is controlled by the transmission of the

leaoinq edge of a clock cycle. In a polyphase implementa-

tion scheme/ the basic clock cvcle is subdivided into minor

phases which are independently generated via hardware.

Altnough Dolyphase ooerations are more complex and reauire

complicated control* they do oermit faster resource manipu-

lation when thev are efficiently cooed by allowing multiple

operations to be oerformed during the same ohase(s).

The microorogrammability of a given computer and the

capabilities o^ its associated m i c roo rogramm i ng language are

directly effected by the the presence or absence of each of

the alternative m i c roo roqramm i ng characteristics described

above. The microprogramming language spectrum ranges from

the lowest level or m i c ro 1 anauage through the assembly

languaoes to the high level procedural languages.

18
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F - fetch time
E - execute time

-E u
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Time

Time

a conditional branch
microinstruction

(c) Time

(a) Serial fetch and execute.

(b) Parallel fetch and execute.

(c) Combined serial-parallel where next address
depends on conditions in present cycle.

Fiqure II-3 [31
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The problems of m i

c

roprogramm i nq can be significantly

reducea if suitable software support exists and is readily

available. This support is usually in the form of simula-

tors and debuggers. Tyoically# a simulator provides an

alternative to assembly level coding by permitting the user

to code in a higher level lanauage and yet achieve the same

results at the expense of some added memory and execution

time. Debuggers are extremely useful in the developmental

stages of microprogramming especially for new and experimen-

tal system design. Debuggers permit dynamic access to the

machine status and register contents at the instant they are

employed^ i.e. a trace feature. Some debuggers offer the

opportunity of assembling in-line. This option can drasti-

cally reduce reauired debugging time.

The primary application of microprogramming is to imple-

ment the necessary control structure reouired for the

analysis and execution of machine level instructions by

means of programmed control stores rather than hardwired

logic. Therefore^ a oynamically m i

c

roprogrammab 1 e computer

can provide a software development system which can be a

cost-effective approach to experimentation with potential

candidates for replacement computer systems or the design of

completely new systems to fit the needs of unigue applica-

tions.

20





C. THE GOALS OF EMULATION

A we 1
1 -des i qned e'l^ulation can provide an opportunity to

experiment and create software for new computer systems

before the actual hardware is available. The utilization of

an emulator can almost eliminate reorogramminq/ consequently

smoothing the system transition oeriod. In addition^ emula-

tion has provided a workable model of new systems under con-

sideration for procurements providing a much more detailed

cost-benefit analysis of system conversion.

Furthermore* it is often economically sound to emulate a

second generation computer with a third generation system.

This orcvides growth to a contemporary system while fulfil-

ling the reauirements of the past in a cost-effective

manner. However, this can be a disadvantage if the orogram-

minq staff uses the emulation as a link to the old system

and consequentlv fails to take advantage of the attributes

of the new system.

D. EMULATION VERSUS SIMULATION

To accomplish the emulation objectiveSf certain design

features must be incoroorated into an emulation. Naturally/

execution time and allocated memory are the two foremost

considerations. Traditionally/ the concept of mimicking

another computer has been accomplished by either a simulator

or an emulator/ two concepts often confused with one

anot ner

.

21





4 simulator is a series of high level language (HLL) or

assembly language statements which individually do not

behave like the target machine instructions. The host

machine executes its own native instructions in order to

imitate the target machine operations. Conseguent 1 y ^ simu-

lation is a rather slow technigue because it reguires an

intermediate translation. In addition* simulation of cer-

tain instructions such as bit manipulation and shifting

operations can require an enormous amount of intermediate

code Generation demanding a significantly larger memory

a 1 location.

An emulator is a microprogram that is executed on the

host machine/ performing Tnachine instructions of the target

machine. Since an emulator accents the binary object code

of the target machine and directly executes these instruc-

tions* it can be extremely efficient in terms of time and

soace requirements. The execution time of an emulation is

dependent upon many factors: clock rates of the two

machines/ frequency of memory references^ high speed shift-

ing compa t i b i 1 i t y f required register mapping between target

and host machines^ bit manioulation capability of the two

machines* condition code selection and testing* flexible

data oath selection capability* interrupt s i m i 1 ar i t i t es

*

inout/output compatibility* and microprogramming efficiency.

If tne haroware features between target and host machines

are extremely compatible and highly efficient microprogram-

ming has been emoloyeo* an emulation performance ratio (host

22





to target) of nearly one to one can be attained. This emu-

lation performance ratio (EPR) has been demonstrated by the

emulation of the SKC-2U70 on the Nanodata QM-1 computer. It

is possible to achieve an EPR better than one to one under

ideal situations^ when the host machine has a much faster

internal operation execution rate (ll.

Several distinct advantages can be realized using emula-

tion as compared to simulation. The execution speed is sig-

nificantly better by at least an order of maanitude. The

target machine reoresentation in firmware is closer to the

actual hardware design and total access to the lowest

machine level is achievanle. Perhaps most noteworthy, emu-

lation provides the opportunity to rapidly create test beds

for numerous machine architectures and provide a basis for

new system development.

E. EMULATION TECHNIQUES

Traditional Ivf there have been three approaches for emu-

lating machine instructions: 1) hardware or firmware assis-

tance to a software simulation as demonstrated by the IBM

360/o5 emulation of the IBM 7090/ 2) independent host system

hardware or firmware which provides for complete execution

of the target machine's instruction repertoire of which the

Burroughs 0-machine emulation of the AN/UYK-2() is an exam-

ple, ana 3) an aijxiliary processor which is operated in con-

junction with the host machine to execute target machine

i ns t rue t i ons [ 1 ^ J .

23





Software-controlled emulation is usually charactepized

bv cateaorizinq the target machine instructions into three

distinct classes: easily emulated i ns t rue t i ons ^ complex

instructions not readily emulated^ and those instructions

not deemed necessary for the desired apolication. Instruc-

tion usage is significant in t h i-s classification process.

Each class of instructions becomes a candidate for direct

hardware or firmware imolementation. The first emulated

function in this aDorcach is usually the fetch and analysis

operation. After the instruction is analyzed/ the appropri-

ate ODCoae subf unction can be executed.

An alternative emulation techniaue is the firmware-

controllea method. This approach is identified by having

system control resiie comoletely in firmware or hardware

during the emulation orocess. All instructions are executed

on the host machine as if they were indigenous to the target

machine. This method is much more efficient than the

software-controlled technique? however^ it is more expensive

and tne cost differential is directly related to the

required performance level. Performance is dependent upon

the number of required data pathS/ arithmetic units^ and

other additional logic circuitry which must supplement the

host machine arc^iteCure,

Upon entering the emulation mode in a firmware-

controlled emulator/ the machine Performs like the target

macriine until encountering an exit situation. There exists

three exit modes: 1) priority interrupt/ i) not implemented

2a





instruction, and 3) deliberate exit because of a debugging

rout i ne

.

The third emulation technique consists of utilizing aux-

iliary hardware electronically attached to the host computer

for the sole purpose of executing target machine instruc-

tions. In effectf a target machine is composed of host

machine hardware with the necessary additional components

reguired to create an effective emulator.

F. EMULATION HARDWARE

The development of writeable control stores and

microprogramming techniques have significantly influenced

computer design. This section will describe some of the

availaole dynamically microproqrammable hardware (Figure

II-U).

The Hewlett-Packard 210 is a general purpose minicom-

puter. It has a unique control store divided into two seg-

ments. One section is RO"'^ and the other section is user

p rog r anmaD 1 e . The machine is vertically microprogrammed

using a standard 60 instruction machine language repertoire.

A debugger and assembler assist the user in microprogram

de ve 1 opmen t [2J

.

The Standard Logic CASH-8 is a high speed digital con-

troller with a separate control store. It consists of 16

general purpose registers and an accumulator. The CASH-8 is

vertically microprogrammed but does not support any language

25





above m i c ro 1 anquaqe [2].

The Varian 75 is a general ourpose m i n i corrput e r that has

a 150 instruction set. The horizontal microinstruction con-

sists of 6a bits with 25 fields^ some of which indicate

register transfers^ ALU operations^ shifting/ control store

addressing, condition testing, I/O control and memory opera-

tions. The Varian 73 contains both a ROM control store and

a writeable control store loadable from main memory. A

microprogram assembler and interactive simulator are avail-

able [2] .

Tne Nanodata QN'-l is unioue in that it contains both a

control store and a nanostore which are botn loaded under

user program control. The 18-bit vertical microinstructions

are stored in the control store/ fetched and then inter-

preted under nanoprogram control. A horizontal nanoinstruc-

tion is 3b0 bits which is subdivided into five 72-bit vec-

tors. Assemblers for both microprograms and nanoorograms

are available [2J,

The previously described machines represent a small sam-

ple of the available m i

c

roprogr ammab 1 e computer architec-

tures. The availability and flexibility of these computer

systems has stimulated demand for these devices. Conse-

quently/ hardware manufacturers have been compelled to pro-

duce writeable control store equicment to satiate the needs

of the computer market.
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CONTROL STORE
REALIZATION

MICROPROGRAMMED USER MICROPROGRAMMABLE

Main Memory « Burroughs B1700

« IBM S/360 Model 25

IBM S/370 ^ ^^^^^^^^ g^.^

Interdata 85 »

•
Varian 73

Fast Read/
Fast Write

•
Hewlett Packard 2100

•
DSC Meta 4

ROM
, Interdata 80

IBM S/360 Models 30,40,50,65
RCA Spectra 70 Model 45

None Preparation of

User Microprograms
Provision of

Translator or
Simulator

SUPPORT AVAILABLE TO USERS

Note: Relative microprogrammability is the distance from the origin

to the machine point in two space.

Fiaure 11-^ [21
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III. AN/UYK-20 ARCHITECTURE

Constructing an efficient emulation requires a precise

unde r s t and i no of the architecture and oerformance charac-

teristics of the machine being emulated. An emulation must

attempt to match the target machine's features and maintain

its flexibility of hardware design as closely as possible.

Although it is not reauired/ an ooerational demonstration of

the emulated machine can solve many emulation questions.

In emulating the A(\i/UYK-20/ architecture and perfor-

mance criteria were derived from technical oublicationSf

since an actual machine was unavailable. When inconsisten-

cies appeared in the documentation/ specific questions were

posed to a LKjIVAC field engineerr who often tested programs

on the Afj/OYK-20 to resolve inconsistencies. Documentation

coupled with an expert consultant provided sufficient infor-

mation for emulating the Ar^i/UYK-20 successfully.

The intent of this chapter is to outline those features

of the Af^j/UYK-c?0 significant to the emulation, A detailed

hardware description can be found in Refs. 20/ 22 , 28,
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A. HARDWARE DESIGN

The Ar^l/UYK-^0 was designed for the Navy to fulfill the

requirements for small or medium size general purpose data

processing in shipboards mobile shelter, or other military

environments. Soerry Univac incorporated minicomputer tech-

nology in constructing the AN/UYK-PO, including MSI circui-

try design, m, icroprogramrped control* memory modularity, and

asyncnronous or synchronous inout/ output channels.

The A(M/UYK-20 had to be extremely flexible in its appli-

cations, offering a wiae ranae of configuration possibili-

ties which were derivatives of the basic design. Modular-

ity, a concept highly desirable in a military environment,

was achieved by offerina options that could be easily added

using printed circuit cards and/or memory modules.

The Ar4/iJYK-2 can accomodate up to eight 8K, sixteen-bit

word boards of magnetic core storage with an access time of

750 nanoseconds. The central processor is controlled by a

programmaDle n-icromemory which can be expanded by an addi-

tional 512 words. The microorogram controller is programmed

at the factory, but the additional micromemory option is

user defined. Both sections of micromemory are programmed

using fusible links, and once orogrammed they are completely

static (Figure I I I-l ) .

A Tiemory interface is responsible for the transfer of

data to r-emory from the central processor CCP) and

input/outDut controller (IOC). Both the IOC and the CP are
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capable of accessing all of rr^emory (65/536 words maximum).

The addition of direct memory access (DMA) provides a second

memory interface and an additional access port which is con-

nectea to each of the two 5?K memory segments.

The inout/outout controller permits the central proces-

sor to communicate with the external devices without

interfering with program execution. The IOC has a maximum

of 16 parallel or serial channels. Parallel nata transfer

takes place asynchronously using 8-bit/ l6-bit/ or 32 -bit

transfers. Serial interfaces are either synchronous or

asynchronous/ with word-to-serial or serial-to-word conver-

sions occurring in the IOC. The IOC and CP compete for

memory access through the memory interface with priority

given to the IOC in the event of a simultaneous reguest.

The IOC is permanently assigned several memory addresses for

commana woro and interrupt word storage.

The addressable high-speed registers available in the

AN/Ui'K-£?0 include the program adaress register ( P- regi s t e r ) »

two 16-bit status registers (SRI and SPP)/ a real-time clock

register (32- cits)/ a monitor clock register (l6-bits)/ and

a set of sixteen 16-cit general registers. An adaitional

stacK of 16 general registers is an available hardware

option.

The sixteen general registers were included to enhance

the speed and performance of the AN/UYK-20, allowing most

programs to use a great proportion of rea i s t e r-t o-reg i s t er
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instructions. These general registers can be used as accu-

mulators for arithmetiCf shifty or logical functions^ as

index registers/ or as temporary storage locations. The

secona set of general registers can be readily employed via

a status bit. This status bit designates which general

register stack is to oe utilized. The duplicate set of gen-

eral registers yields dividends in a multi-task or heavy-

interrupt processing environment. This additional register

set can be used to provide high-soeed temporary storage^

thus avoiding slower main memory storage of working vari-

ables.

The two 16-bit status registers and the program address

register reoresent the machine status of the AN/UYK-20,

Ahen these registers ar& collectively referenced/ they are

called the program status word (48-bit PSt'^i), The ^-register

indicates the next instruction to be executed. This

instruction Tiay be a 16-bit single-word instruction or a

32-bit aouble-word instruction. Program control can be

modified by using an instruction which manipulates the con-

tents of the P-register.

Status register 1 contains bit information concerning

condition code settings/ overflow/ and carry bitS/ interrupt

codeS/ and numerous other "machine indications (Figure

I1I-2) ,
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AN/UYK-20 FUNCTIONAL ARCHITECTURE
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STATUS REGISTER 1
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1

1

1
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1

1

1

1

ENABLE (DOR DISABLE

(0> DMA

AL
CU
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CLASS III INTERRUPTS

.OWO) OR LOCKOUT (0)

VSSII INTERRUPTS

i
ALLOW (1) OR LOCKOCr (0)

CLASS 1 INTERRUPTS

i

!
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1

1

1
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Fiaure III-2 r?3)
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Status register 2 holds control bits for direct or

indirect addressing, and holds interrupt codes. Interrupt

processing routines set bits in the interrupt code field

corresponding to the IOC interrupt (Figure III-3),

STATUS REGISTER 2

15 14 13 12 nioU 87 6 5 4 3 2 1

1 1

INTERRUPT code'

INDIRECT CONTROL BITS FOR H,o

1

INDIRECT CONTROL SITS FOR R,2

INDIRECT CONTROL BITS FOR H,^

INDIRECT CONTROl. 8ITS FOR R,g

INDIRECT CONTROL BITS

00
01
10

MEANING

Normal Addressing.
Normal Addressing.
Indirect Addressing w/o indexing;

IWl at Y = y.

Indirect Addressing with indexing;

IWl at Y = y + (Rm)

.

Fiaure III-3 121)

The rea 1 -t i T^e clock and monitor clock registers provide

program-controlled interruot capability which is useful for

timing ana synchronizing program segments with real-time

events. The real-time dock fRTC) is a "Sa-bit register used

as count-up storage while the monitor clock (f^ON) is a

Ife-Dit count-down register. A one kHz internal oscillator

controls the counting spee'1 of both registers. An optional
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external clock ooeratinq at a frequency up to 50 kHz is also

ava i 1 ab 1 e

.

InterruDt orocessina in the AN/UYK-20 is conoucted using

a priority level scheme which classifies interruots into

three oriority levels (classes). Interrupts within the same

class are assigned a priority ranking and a code which iden-

tifies which processing routine to execute. During inter-

rupt handling^ all interrupts of the same level or lower

level are lockea out until the CP is comoleted processing

the current interrupt. Higher priority interrupts can over-

ride the lockout and cause the CP to honor them first/ hold-

ing the lower level interrupts in abeyance until higher

level interruDt orocessing is comoleted. The highest prior-

ity interruDts are hardware malfunctions/ followed by

software interruotS/ and at the lowest levels IOC inter-

rupt s .

Permanent locations in memory co r resoono i ng to each

interrupt class holo the PS/J and RTC when an interrupt is

being honored. Likewise* other oermanent memory addresses

assigned to each interrupt class hold the appropriate inter-

rupt routine entrance location to be loaded into the PSW,

Memory adoressinq is accomplished usino b4 page address

registers which seoarate memory into 10 2^-word pages. Abso-

lute addresses are formed by isolating the upoer six bits of

the relative address to find the cage address register

numoer* and then concatenating the lower six bits of the
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page aadress register contents with the lower ten bits of

the relative address (Fiaure 111-4). Any operation that

stores into rren^ory sets the most significant bit of the page

address register used in generating the address.

Some additional hardware features of the AI\j/UYK-20 are

those functions availacle on the maintenance panel of the

machine itself. These include a breakpoint feature which

allows an operator to insert from the panel an address which

causes the AN/'JYK-20 to stop execution when the selected

address is reterencea. Other available toggles allow halt-

ing execution p rogrammat i c a 1 1 v using Key 1 or Key 2 on the

maintenance oanel. These additional hardware features are

useful debugoina tools.
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B. INSTRUCTION FORMATS AND REPERTOIRE

1. Repertoire of Instructions

The AN/UYK-20 instruction set is composed of nearly

2b0 separate instructions designed to be both versatile and

corpprehens i ve . Both sinqle-word (16-bit) and double-word

(32-bit) instructions are available. Some of these instruc-

tions are specifically designed to meet the requirements of

a real-time en v i ronnnen t . A few sample instructions include:

a. Local jumo - used to facilitate Ioods/ sav-

ing several steps in program execution.

b. Reverse register - used in a communication

environment when data is received in one

sequence but must be transmitted in reverse

sequence .

c. Set Dit^ clear bit/ and test bit - used to

test inoividual bits in registers saving

considerable execution time in programs that

communicate via flags and status words.

Additional flexibility is crovided when the 'math

pac' hardware option is included in the AM/UYK-20 configura-

tion. Some 33 additional opcodes are added to the instruc-

tion set in order to increase the computational capabilities

of the machine. An instruction for sguare root/ double pre-

cision mu 1 t i p 1
y /o i V i oe i ns t rue t i ons f as well as hardware

trigonometric and hyoeroolic functions which utilize coordi-

nate conversion algorithms (cordic) are included.
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Sinqle-word instructions are generally employed when

manioulatinq operands in high-speed registers. Double-word

instructions are used in ooerations involving direct or

indirect addressing with or without indexing, or supplying

16-bit constants to programs. Tyoical instruction speeds

for a single-word versus a double-word instruction are:

SINGLE-y^OPD

ADD .75 - l.S usee

LOAD .75 - 1.5 usee

N'ULTIPLr 3.8 - '4.0 usee

DIVIDE 6.8 - 7.0 usee

DOUBLE-WORD

1.5 - 2.25 usee

1.5 - 2.25 usee

a. a - a. 6 usee

7.^ - 7.5 usee

Nearly all instructions affect condition bits in

status reaister 1. The AN/UyK-20 sets these bits as a

result of two tvpes of operations. Most instructions that

do not involve compare logic are categorized as arithmetic

instructions. /Jhen the result of the arithmetic operation

is Determined and is about to be stored in memory or a

register, a conaition code is set indicating whether the

result is cositrve/ negative, or zero. Compare instructions

set the condition oits based on a greater than, less than,

or equal to comoarison of two registers or a register and

the contents of a memory address.

Two other bits in SRI are set as a result of compu-

tational or shifting instructions. The overflow designator

is set whenever an arithmetic or shift ooeration requires

more bits than are provided for in a register (16 bits).
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The carry designator is set when an arithmetic operator gen-

erates a carry beyona the most significant bit of the regis-

ter.

The AN/UYK-20 allows five different types of operand

formats; single-length, byte^ literal/ ootional floating

point/ and doub 1
e-

1 engt h , S i no 1 e- 1 engt h operands are lb-bit

values with the sian bit assumed to be in the most signifi-

cant bit. In arithmetic calculations/ the single-length

word is assumed to be a two's complement integer. Byte

operands are considerea fl-bit unsigned integers/ and can be

the most significant or least significant half-word of a

memory location. Literal operands are ^-bit unsigned

integers oenotea by the 'm' field of a literal type instruc-

tion. Floating Doint ooerands are formed using two adjacent

registers or memory locations with fields containing the

sign of the fraction/ the characteristic/ and 2U bits of the

f rac t i on .

DouD 1 e-1 engt h ooerands are concatenated from two

adjacent registers cr two adjacent memory aodresses. The

most significant half of the doub 1
e-

1 engt h operand is con-

tained in the low-oroer register or memory aadress/ and the

least significant half in the next seouential register or

address. The sign bit for both words resides in the high-

order bit Dosition of the most significant half-word and

when used in an arithmetic calculation, the double-length

operand is treated as a two's complement integer. Instruc-

tions involving doub 1
e-

1

engt h operands reauire the low-order
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register or iieTiory address to be even* since the adjacent

cell adaress is fomeo by 'OR'-ing a 1 in the least signifi-

cant bit of the address.

2, Instruction Format

The Ai\i/UYK-?0 has five different instruction word

formats* designated by two-letter mnemonic codes. These

cooes are: PR (Register-Register)* RL (Register-Literal)*

RI (Register-Immediate)* RK (Register-Constant)* and RX

( Regi s t e r- Inae X ) . Each of these formats are desianated in

the instruction wore by a combination of the opcode field

and the subfunction coae. Registers are identifiea in the

'a' ana 'm' fields of the instruction* and are referred to

by the notation Ra and Rm. The 'y' field is treated as an

address or arithmetic constant* deoending on the instruction

(Figure III-S).

The format RR single-word instructions perform

operations involving the reoisters soec i f i ea by the 'a' and

'm' fields. ^^o memory references are made to access

operands* causing considerable savings in execution time.

The 'a' or '

m
' field may be used to index special ©Derations

on regi s t ers

.

Format RL instructions use a lb-bit instruction

word* usina one or two general registers. The 'a' designa-

tor selects the general reaister Pa or register pair Ra* Ra

+ 1. The 'm' designator contains the 'J-bit literal value

which will be used in the instruction.
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INSTRUCTION FORMATS

|15|I4|13|12|11|10

RR

RL

RM
Local

Jump

RI-2

Indexed

Memory

I 8 I 7 I 6 I 5 I 4 I 3 I 2 i 1 I

a selects R^, m selects R^^.

15il4(l3|l2!n|l0(9|8|7|6|Sl4 3|2|l|0

Op- a m

a selects Rg, m contains 4-bit constants.

15|l4|l3h2|lTTio[

Op"

>|8l7|6|5|4|3|2TrT0

d IS signed number of instructions to jump, relative to current position.

(+ is forward; - is backward)

[I5il4|l3|l2ln(l0 9la 7|6l5|4)3i2|ll0l

i Op'
1

a m

a selects Rg, m selects R^^. R^ selects memory address.

[Tsll4|l3|l2|l 1|10| 9l8|7|6|5|4[3|2;To15|Mil3il2|n!,0l9!8i7(6|5|4 3|2h|0

Op* 1 2

i 1

a m

a selects R^, m -it selects R^, m = selects 0.

Operand = y + R_ or 0.

5[l4|l3|l2|n|l0l9'8' 7 [6[5)4[3l 2 h [0[ h5|l4|l3|l2|l i|lO| 9 | 8 | 7 I 6 | 5 |
4 I 3 ' ? j

i '

Op"

a selects R^. m =^ selects R^, m = selects

y •• R_ or selects memory address.

'Op 1$ ooeration code

Figure III-5 [231

a2





Rl format sinqle-word instructions are separated

into two cataaories, RI Fyoe 1 instructions are local jump

instructions where the P-register is increased or decreased

by the 'd' field in the instruction. The 'd' field

represents the two's complement deviation value and allows

the P-reqister to be altered a maximum of +177 octal or -200

octal. RI Type 3 instructions involve operations that use

the general registers Pa and Rm, and a memory address speci-

fied by the contents of Rm.

The format RK instructions contain 32 bits of infor-

mation. The uoper l6-bits contain the operation code and

the designator fields. The 'a' field selects the general

register 9a, and the 'm* field denotes how the next word*

containing ' y * , is to be used. If 'm' equals zero r then the

effective operana aagress Y, equals 'v'. If 'm' does not

egual zero^ then Y is formed by addino the contents of Rm to

•y'.

Format R)< are double-word instructions similar to

the RK instruction that use direct and indirect addressing

techniques Determined by the 'm' field. If the 'm' field

eguals zerof then direct addressing without indexing is

employed* with the effective ooerand address formed from the

'y* field itself. If the 'm' field eauals 1 through 7, 11,

13r 15» or 17 (octal)* then direct addressing with indexing

is employed. The effective operand address is formed by

adding t*^e contents of Rm to 'y'. An 'm' field value of 10*

12* l^, or 16 (octal) indicates indirection is to be
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employed^ and the inairect address control fields in status

register 1 contain information which is used to generate the

effective ooerand address or a oair of indirect words. When

the control fields eaual or 1, then direct addressing with

indexing results. If the control fiela equals 2 f then the

contents of the first indirect word (I'M) is located at 'y*.

Finally^ if the control field eauals 5, then Iwl is located

at 'y' indexed by the contents of Rm. Indirect word format

is shown in Figure III-6. Cascaded indirection is possible

provided that the indirect words are properly encoded.

Byte aadressing is accomplished using RX format

instructions. A byte identifier (B) is used to determine

which half-word (8-bit) is to be referenced. If B equals 0,

then tne -nost significant half-word in address f is the

operand byte. If 3 ecuals 1/ then the least significant

byte at Y is the operand. The least significant bit in the

indexing reoister is used as the byte identifier^ and the

remaining 15 bits ^r^ used as the inoexing value for finding

Y. Indirect byte ooerand addressing formulae ^r^ included

in Figure III-o. The following formulae apply for direct

byte operand addressing:

m=0/ Y=y, and B=0

m=l-7, 11, 13, 15, or 17 octal

Y=y + (Rm)/a and B=LSB of (Rm)
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The oreceding section has described the fundamentals

of the AN/UYK-20 instruction formats. References 21 and 23

should be consulted for further information concerning

instruction formats and decodina.

INDIRECT WORD FORMATS

15 14 13 12 11 10 9 8 7 6 5 4 3 2

j
NOT

[
I

lUSEO

iwi

OCTAL J

VALUE
ADDRESS DETERMINATION

Y < IW2: if byt« modt. upptr byti .$ uwd

.

1 V = IW2 (flx»; if bytt modt, LSB of Rx d«l»rm.im byw. *

2 Y > IW2 < fRmt; if byl* modt. LSB of Rm -^eit Tiintt byii.
*

3 Y > IW2 * (Rm+1): if byt« modt, LSS of Rm+I 4etfrmints byt*.
*

I = DIRECT ADDRESSING. OPERAND AT ADDRESS Y

I
=• 1. CASCADED INDIRECT ADDRESSING. NEW INDIRECT

WORD 1 AT ADDRESS Y

* To ddifmin* th« ooirand addrts Mr^l•fl m bylt modt, th« conteci :if R . or R '^' ^^ * <
^"

right shiftfd 1 bit soiition and ito filltd in tlit laft mut position

Figure III-6 (251
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IV. BURROUGHS D-MACHINE

A. HARDWARE DESCRIPTION

The microprograiTTinq facility at the Naval Postgraduate

School is composed of a Burrouahs Interpreter-Based system.

This system oossesses the characteristic of being dynami-

cally m i c roproqrammab 1 e anci is designed using a simple

Duilding block structure. A typical system is made up of a

number of interoreters ( processor s ) r main memory modules*

and inout/output devices* along with a switch interlock dev-

ice (SwI) controlling data flow on the data bus connecting

the interpreters to main memory and oeripheral devices. The

heart of the system is the interpreter* also referred to as

the D-mac h i ne

.

A D-machine oossesses five functional modules: the

logic unit (LU)» the control unit (CU)* the memory unit

(MU)/ nanomemory (•"^Jf'')/ and microprogram memory (MPM). The

system oresently installed in the Computer Science Depart-

ment combines nanomemory and microprogram memory into one

functional unit. The architecture of the D-machine is

designee around 8-bit word slices. word lengths from 8 bits

to bU bits are cermissible using the same functional unit

(Figure lV-1 ) .
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The D-machine used for this thesis has been configured

as a 3(?-bit word crocessor. Reference 17 provides a

thorough and concise aescriotion of the architecture of an

interpreter-based microproaramminq system. Reference 6

details the soecifics of 0-machine microprogramming which

must be thoroughly uncerstood by the programmer,

I . Logi c Unit

The D-machine's logic unit performs shifting/ arith-

metic/ and logic functions and contains scratch pad regis-

ters ana data interfaces for the switch interlock. All

adaer operations are performed using two's complement arith-

metic/ ana shifting is accomplished in a matrix of gates

called the barrel switch.

The scratch pad registers Al, ^2 ^ and A3 are identi-

cal in function, They act as temporary storage registers

within tne D-machine and serve as primary inputs to the

adder. The control unit determines which register will be

an input to the adder. Any of the A-reqisters can receive

the output from the barrel switch.

The B register functions as the primary external

input interface from the switch interlock. It acts as the

second input to the adder and can receive certain direct

inputs from the adder's arithmetic operations. The b regis-

ter can be loaded from any of the following sources:
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a. The barrel switch outDut.

b. The adder output.

c. External aata from the switch interlock (or con-

trol oanel switches).

d. The memory information register (MIR),

e. The comolements of four bit or eight bit car-

ries.

f. The barrel switch ORed with the adder, external

data from the switch interlock/ or MIR.

The outDut of the 8 register is filterea prior to

gating into the adder. The 'filter' consists of

true/complement selection gates which are divided into three

sections: the most significant bit/ the least significant

bit/ and all the remaining central bits. The output of this

filter is the independent result of these sections ana may

be either all zeroes, all ones/ or the true contents or

one's complement of the contents of the respective bits of

the B reg i s t e r

.

The memory information register is the interface to

the switch interlock. '^IR functions as a buffer to main

memory or to a peripheral device. It is an output destina-

tion of the barrel switch and its output can be sent to the

B-register or the Switch interlock.

The adder in the logic unit performs 3"^
] arithmetic

functions and can be categorized as a version of a carry

look-ahead aader. The control unit can gate various combi-
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nations of A, R, and Z inouts to the adder. An 'A' input is

definea as an input from one of the three scratch pad regis-

ters. A '6' input is the output of the B register's

true/complement filter aates. A 'Z' input is an external

input to the logic unit and can originate from one of the

following sources:

a. The output of the counter in the memory control

unit (f^CU) woich is gated to the most signifi-

cant eight bits of the adder with the remaining

bits ze roeo

.

b. The output of the literal reaister in the MCU

which is gated to the least significant, eight

bits of the adder with the remaining bits

zeroed .

c. An optional incut which is gated into the middle

bytes of the adder with the most and least sig-

nificant bvtes zeroed.

d. The output of the alternate microorogram count

register (A^PCR) in the WCU which is aated into

the least sionificant 12 bits of the adder (13

bits for 8K micromemory machines) with all other

bits being zeroed.

e

.

All zeroes

.

Two inouts* selected from the A, Q, or Z sources^

are always aated to the adder. These inouts are referred to

as X-select and Y-select. An <-select input may be either

an A input or a Z input. If it is not soecified, it is
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assumed to be zero. A valid Y-select has either a Bf Z or 1

as Its incut. Some Z inputs/ however/ are valid only as Y-

select inputs. Any combination of valid X-selects ana Y-

selects are oermissicle addends^ with an oction of adaing a

one to the least significant bit. For subtraction opera-

tions/ the value to be subtracted must be a Y-select; the

Y-select input is subsequently two's comolemented and gated

to the adder. All binary Boolean operations between two

adder incuts are allowed/ and dynamic condition bits for

overflow (AOV)/ all bits true (AST)/ and most/least signifi-

cant bit test ('"^^ST/LST) are available to the control unit

for testing. Bit testing is a valuable feature for decoaing

instruction words.

The barrel switch is a matrix of gates that accepts

oarallel data from the adder and shifts the data any number

of places to the left or riqnt with zero fill. It also can

right shift trie wore in an end-around fashion. The output

of the barrel switch n-ay be directed to any of the following

destinations simultaneously:

a . The A reg i s t er s

.

b . The regi st er

.

c. The memory information register.

d. The least significant 16 bits to the MCU reais-

t ers .

e. The least significant three to six bits to the

control unit shift amount reaister (bit length

depending on the word size of machine).
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2 . The Cont ro 1 Unit

The control unit has five major sections: the shift

amount reaister (SAR), the condition register (COND), part

of the control register (CR)/ the decoder for microprogram

memory contents and clock control. This module of the D-

machine manages the functions of the processor* and is

directly resoonsible for logic unit operation,

SAR and its associated logic control shifting opera-

tions cy loading sfiift amounts into SAr? and generating the

reguired controls indicated by the current microinstruction

for the barrel switch. In addition* the SAR's logic gen-

erates the 'word lenath complement' of the SAR contents

where trie comolement is defined to be that amount which

woula restore the bits of a word to their original position

after an end-around shift of N followed by an end-around

shift of the 'complement' of N, For example* if an end-

around right shift of 20 was reguired in a 32-bit D-machine*

another end-around shift of the comolement of 20 (12) would

be reguired to restore the contents to its original value.

The condition register has four major functions:

a. It stores 12 resettable bits which are used as

error indicators* interrupts* status* and

lockout indicators,

b. It selects one of 16 conditio.n bits for perform-

ing conditional operations. These lb bits are

composed of the 12 condition bits of the
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condition reaister dIus the 4 dynamic conditions

gf>nerated by the LU adder during the oresent

clock time.

c. It decoaes bits from the memory for resettingr

setting^ or reauestinq the setting of designated

Dits of the condition register,

d. It resolves oriority between interpreters in the

setting of global condition bits (GC)f thereby

providing a method of controlling inter-

interoreter lockoi.it.

The control register stores the control bits of the

56-bit microinstruction that are not being used in the first

phase of the execution cycle. The control register is sub-

divided into sections which are used Dy the memory control

unit/ the logic unit/ and the control unit during the execu-

tion phase of a microinstruction. For a description of tim-

ing and phases/ see section C of this chapter.

3. Memory Control Unit

The memory control unit provides the basic address-

ing interface cetween the O-machine and both main memory

(S-memory) and microprogram memory (M -memory). One MCU can

address b^K words (25bK bytes) of main memory/ and if the

D -machine is configured with a second MCU/ a maximum of 1?8K

words can be addressed.

The memory control unit has three major sections:
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a. The rn i c rop rogram address section controls the

addressing of niicroprogram memory and the

seguencing of microinstructions. It contains

the microprogram count register (N'PCR)/ the

alternate microprogram count register (AMPCR),

the incrementerf the microprogram address con-

trols register^ and their associated logic. For

standard aK M-memorieSf the MPCR and AMPCR are

1^ bits long. For 8K M-memories/ MPCR and AMPCR

are 13 bits in length (the D-machines installed

at the Postaraduate School employ 8K M-

memories). AMPCR is a Y-select input to the

logic unit adde r

,

b. The memory/device address section contains the

8-bit memory address register (MAR), two 16-bit

base registers (BPl and BR2), output selection

oateSf anc associated control logic. k\hen form-

ino a memory address, the lower eight bits of a

base register and MAR are concatenated. The

concatenated 2a-bit contents of BRl/ BR^ and MAR

(BMAR) is a valid Y-select incut to the logic

unit adder.

c. Tne Z register section contains two registers

which are I inputs to the logic unit adder. The

literal register (LIT) is an 8-bit register into

which constants are loaded. An 8-bit counter

(CTR) is used in conjunction with a counter

overflow condition bit to control iterative
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looping. The Z register section also contains

selection gates for rhe loadable counter and its

assoc i at ed 1 ogi c .

^ , N^icroorogram rremorv (w -memory)

A O-macnine rray have a dual or single m i c roorogram

memory scheme, As inaicated earlier^ the D-machines used in

this emulation project had a single microprogram memory^

conso 1 1 aa t i ng the microprogram memory and nanomemory into

one 5b-Dit program maole store memoryr often referred to as

M-memory. ^'icfoprograms/ consistina of 56-bit microinstruc-

tions/ are dynamically changeable oy the user/ thus oistin-

quishing the D-machine as an extremely flexible computing

device.

The seauencing of microprogram instructions is con-

trolled by a condition oit procedure which determines the

successor command to be executed. M -memory orovides data to

the condition testing logic which then determines which con-

dition is to be tested. The cutout of the condition testing

logic is a true/false signal that is gated to the successor

selection logic. This loaic then selects between the three

true and three false successor bits also provided by the M-

memory word. The three selected bits provide eight possible

successor combinations:
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a. WAIT

b. STEP

c . SKIP

d. JUMP

e

.

RETN

f . CALL

g. SAVE

h . EXEC

Receat the current instruction.

Step to the next instruction,

Skio the next instruction.

Jurro to another M -memory address.

Return from a microprogram subroutine.

Call a microprogram subroutine.

Step ana save the instruction address.

Execute one instruction out of sequence.

The Particular successor command chosen controls

gates wnich select the acorooriate f^-address from MPCR or

AMPCR ana provides incref^entino logic for generating the

next w -memory aadress. Except for the EXEC command/ the

MPCk is loadea witn this ^^-memory address,

B. .\PS NUCr^OPROGRAM^'ING FACILITY

1, Physical Description

The Computer Science Department of the iNaval Post-

graduate School possesses a Burroughs Interpreter-Based Sys-

tem consisting of three interpreters (processors) also known

as 0-machines» a t>^»< 32-bit word, main memory module* a card

reaaer» a dual cartricge disk drive* a line printer* and a

Datamedia 2500 CRT fLinctioninq as a supervisor's console

(Figure IV-2). All input and output is performed through a

single 0-machine processor* hardware confiaured with aevice

depenaent ports (DOP) for peripherals and the external

c 1 ock

.
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After initial liqht-off and bootstraor the system is

configurea into two Burroughs 6700 - LIFO ALGOL Stack-

machineSf each adaressina 32K of memory and each communicat-

ing with the input output processor (lOP) in a pseudo-

multiprocessing environment. Software^ written in ALGOL^ is

provided which runs on the 6-b700 system. A resident moni-

tor control proaram and disk file manager control the

maintenance of system files and the execution of jobs in a

batch environment. Both D-machines compete for system jobs

inout from the card reader or CRT. Other software available

includes an ALGOL compiler (a derivative of ALGOL 60), a

microprogram translator called TPANSLANG» a line editorf and

a simulation program for microorograms. TRAi^! SLANG provides

the medium by which m i

c

roproar ams are written. User

microprograms loaaed into a D-machine change its identity

and destroy the Stack-machine previously loaded.

i, Input/OutDut Interface

Pivotal to the operation of, the Burroughs system is

the inout/outcut interface. Only one processor, the lOP,

communicates with peripherals/ and the other D-machineSf

configured as Stack-machines^ must compete for its services.

The lOP communicates asynchronously^ using a conventional

'handshatte' metnoc. Since all interpreters have access to

the main memory ^ociu] e f a communications link has been esta-

blished using the upper two 32-bit words of main memory. If

a otack-machine wishes to communicate with the lOP, it

places a message into address 65/535 known as the 'mailbox'/
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and issues an interruct (INT) to the lOP. The lOP periodi-

cally tests INT, and if set, will retrieve the contents of

the mailbox (and mailbox - 1 if required) and perform the

aesired ooeration. The other Stack-machine is locked out

from interrogating the lOP until it has completed processing

the reauest. Normally, the ooeration requires transferring

a buffer to some outout device. when the lOP has completed

honoring the request, it olaces a comoletion code in the

mailbox ana sets INT for the Stack-machine requesting the

I/O, This interpreter must halt execution and check mailbox

to see if the 1/0 was performed successfully, completing the

hanashaicing orocess. This orotocol permits both Stack-

machines to cerform input/outPut independently of each

other, provided both maintain strict memory boundaries.

Another function of the lOP is interfacing character

code formats between the oeripherals and the other two D-

machines. .ihen the machines are configured as Stack-

machines, characters ar^ passed to the lOP in 6-bit BCL

(burrouahs Common Language). The lOP must convert this

character set to ASCII for output to the line printer and

CRT, A similar translation must be made for input data con-

verting from either EBCDIC or ASCII deoending on whether the

incut source is the caro reader or the CRT.

3. '^emory Interface

Since all three D-machines must share the fe^K of

main '^emory, a oriority scheme was developea to resolve
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•nefTiory reference conflicts. The main rremory module is actu-

ally a single-ported^ 3d?-bit wordf core memory which can be

made to appear multiported usina a switch interlock unit

(Si^l) developed by Burroughs. The switch interlock controls

the main data bus of the system, and resolves conflicts

using a criority scheme. The 0-machine with the highest

priority is the lOP , with the priority of the other two

machines being relative to their physical proximity to the

lOP, Once a memory reference has been made/ a 0-machine

may continue execution without waiting for a completion sig-

nal from the switch interlock, /Although this technigue of

memory referencina minimizes unnecessary delay/ it restricts

the proaram from chancing the reaf.i or write addresses or the

content of '""UR (write only) prior to a completion signal.

C. MICROINSTPUCTIOiNi TIMING

The Burroughs D-machine initiates a microinstruction

once every clock cycle. The 0-machines utilized for the

AN/UYK-^0 emulation operated from a one mHz internal clock/

which produced a clock oulse once every microsecond. A D-

machine aesigned with an eight mHz clock/ emitter-coupled

logic CECL)/ and a faster memory cycle time/ however, could

execute eight times faster. This implies that advances in

circuit fechnoloay can oermit emulations to achieve improved

soeei and oerformance with no change in the microprograms.

Every microinstruction is executed using one or more

seguential time periods, called phase 1/ phase d , and phase
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3, A phase ^s a constant interval of time equivalent to one

clock duration measured from <he trailing edge of each suc-

cessive clock oulse. Some microinstructions only reauire

Dhase 1 to complete execution. Some require phase 1 and

phase 3/ ana still others reauire phases 1^2/ and 5, A new

microinstruction is initiated at each clock cycles allowing

for overlapping of microinstruction execution in phase 1 and

phase 3.

Microinstructions consist of two types. In a type 1

microinstruction, events can take olace in all three phases:

Phase 1: conaition testing, (conaitional) external

ooerations or (conditional) logic opera-

tion initiation after completion of a

orior loaic operation, and successor '^-

memory address control.

Phase 2: a holdina chase for phase 3 logic opera-

tion controls.

Phase 3: the completion chase for logic unit opera-

tions and destination register gating

soecified by loaic operation.

During the ootional phase 2 oeriod, a type 1 microin-

struction execution completion is held in abeyance while a

subseauent type ei instruction is executed. A type 2

microinstruction requires only phase 1 to complete execu-

tion, ann involves literal assianments to three registers:

LIT, SAP, and A'^iPCR. Phase 2 may also be initiated if the
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next secuential tvoe 1 instruction does not execute its con-

ditional logic ooeration and therefore can complete its exe-

cution in Dhase 1 (Figure lV-3). Apoendix of Ref. 6 has a

complete Discussion of microinstruction timing.
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Timinq Analysis, Type I Instructions

Fiqune IV -5 [17]
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D. TRANSLANG

Microproaramming on the D-niachine is accomolished using

a rricrotranslator/assembler called TRANSLANG. IRAN SLANG

allows the orogrammer to write microinstructions mnemoni-

cally without concentrating on the bit patterns that compose

the microinstructions themselves. TRANSLANG is written in

ALGOLf the language of the B6700 Stack-machine. Nearly the

entire languaae of TRAf>j SLANG is composed of reserved words

recognized by the ALGOL orogram. tach reserved word has a

special meaning whicn causes the translafor to construct

oarticular microinstructions. A IRAN SLANG instruction is

eauivalent to one microinstruction consistina of the set of

parallel D-machine functions performed during the clock

phases. IRAN SLANG is a free form language and instructions

may oe written in almost any order. Multiple instructions

may apcear on a line^ separated bv a period ','. TRAf^ SLANG

constructs include iterative mechanisms^ i nput /ou t pu t

»

assianment functions* Control transfers* and Boolean* and

computational operations. In addition, TRA^JSLA|^JG permits

laoel aefinitions and symbolic references for program con-

trol flow. Reference b is the orogramming manual for

TRArgSLAf^jG and contains the complete syntax for the language.

Appendix A of Ref. 10 documents additions to the TRANSLAi^JG

instruction repertiore.

A micrcorogrammer may construct complicated microin-

structions trat oerform many different tasks* some interact-

ing closely with D-machine clock timing, Microinstruction
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gating to several cevices oermits a single TRA^SLANG

instruction to accomolish sorre or al) of the following

actions:

a

.

test a cond i t i on

.

D. set/reset a condition.

c. initiate an external operation.

d. add.

e. shift the result of an add.

f. store the result into several registers.

g. increment a counter.

h. comolefrent a shift amount.

i. determine the successor microinstruction.

By judiciously comoosing his microorogram/ a orogrammer may

minimize execution time Oy taking advantage of microinstruc-

tion phase overlap anc using highly carallel microcode.

The TRArjSLA.^jG assembler constructs an object orogram

consisting of non - re 1 oc a t ab 1 e 56-bit microinstructions.

TRAiNj SLANG maintains a cross reference taole that resolves

label references during assembly. The object coqe created

is stored o" a disk and may be loaded into the micro memory

of a 0-machine using a special control word recognized by

the operating system. Once loaded/ the D-machine assumes

the control Structure dictated by the users microprogram.
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V. AN/UYK-20 E'^^ULATOR

A. EMULATION DESIGN

1. Functional Corroonents

The architecture of the AN/UYK-20 emulator micropro-

gram was develoDed usina general guidelines provided by

references and previous emulation experience on Burroughs

D-machines (lOl. The first decision incorporated in the

emulator desion was to integrate the entire emulation within

one D-macnine. Since the D-machines had the capacity to

handle nearly 8K of microinstructions* no microprogramming

capacity limitations were envisioned. Tne design objectives

of a modularized* well-documented* structured microprogram

could also be realizea.

Aith the emulator entirely contained in one D-

machine* several secondary benefits also existed. First*

the emulator was more immune to hardware problems. If one

D-machine was malfunctioning* the emulator could still be

run on the alternate D-machine. Second* it was possible to

have two A ci /UYK-20 emulators resident in the system at one

time. I < ot only would two emijlators speed up testing of the

individual emulation* but they would also permit their even-

tual use in a system configured for AN/UYK-^O multiorocess-

ina. The third ana final benefit of a totally integrated
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ennulator was recognized during the design of the

inout/output controller (IOC). Since the AN/UYK-20's IOC

was caoable of indeoendent processing^ an emulation of its

IOC would not be possible within the same D-machine. An

emulation of the IOC could be accomplished in a second D-

machine/ which woula behave as an independent channel for

the D-machine configured as the AN/UYK-20 processor.

Although this emulation does not attempt to emulate the

AN/OYK-^0 ICC, the fact that a second 0-machine exists makes

its implementation a realistic extension to the project.

The emulator program organization was created fol-

lowing the basic guidelines of Ref. 17. The loader occupied

the lowest section of M-Tiemory with the emulator microcode

following seguentially. Microprogram control passed from

the loader to the emulator via the execution of a 'G' card

which sionified execution commencement.

The emulator microorogram was organized into three

mo'.Tules positioned sucn that forward address referencing

would ne minimized in the TRAi\3LANG assembler to save time

and soace. The utilities section was in the lowest portion

of the emulator, since its routines were referenced fre-

ouently bv the succeeding sections. Individual subroutines

within the utility section were organized alphabetical )y.

The instruction and memory fetch routines comprised

the next module. These routines incorporated all fetch

options availaole in tne AfNi/UYK-20 emulator.
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The opcode routines occupied the last section of the

ennulator. Tne opcodes were arranged numerically with

further inrJexinq oeterminea by the remaining fields of the

inaiviaual instruction. Figure V-1 shows the N'-nremory map-

ping of the Ai\/UYK-£?0 emulator layout. Appendix F contains

the emulation program listing.

2. Main 'lemory Organization

Uf primary importance in the emulation design was

the logical organization of the Burroughs system's main

memory. Since tne AfJ/urK-?0 was a lo-bit word machine* it

was decided tnat only the lower half-wora of a Burroughs

3<:^-Dit word would be used oy the emulator. This design res-

triction permitted tne addressing structure of the AN/UYK-20

to oe directly projected on the D-machine. A one-to-one

correspondence tetween the memory address of the Afj/UYK-20

and the Burroughs system" was also achieved.

Since the number of hiah-speed registers available

in the D-Trichine was small* a IK portion of main memory was

reserved for the a:j/ijyk-^0 addressable register set* the

pace address f'ecisters* the temporary storage space* and the

emulation puffers. Ihe mapping of the AN/UYK-20 high-speed

registers to main memory greatly simplified the micropro-

gramming reguirements of the emulation* but added consider-

able execution ti'^e overhead. Memory access times for the

mapped reaisters were much slower than the actual transfer
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rates of the AN/iJYK-^0 registers. Figure V-/? shows the com-

olete main memory mapoina of the emulation reserved storage

area

.

5, Emulation Program Status word

Althouah the emulation auoHcated all the Ar»i/UYK-20

registers/ tne registers A/hich comorised the program status

word CPS/O Dossessea uniaue characteristics. Status regis-

ter 1 was combined with the program adaress register to form

a single i2-bit PS/-.'. The emulator's PSv'j always co-existed

in tne Al register of the D-machine and in main memory dur-

ing execution of AN/UVK-dO programs. The fielas of SRI were

modified to include certain emulator togales/ along with the

normal condition pits (Figure \/-5). The condition bits for

DN'A ana non-destructive reaa only (injORO) moae were removed

from tne SRI since they were hardware features of the

ACJ/UfK-dU that would not ce emulated.

Status reaister 2 , the remaining lb bits of the Aiw-

UYK-30's PS-N/ was not resident in any D-macnine registers

during emulation execution for two reasons: the emulation

could not afford the luxury of ^8 bits of reserved register

spacer and SK^ was less freauently referenced than SRI and

the P-register. Conseduently^ SW2 had to be read from its

reserved location in main memory. The contents of the upper

lb nits of SR?'s memory location also contained additional

emulation togales which were used by the debugger package

(Figure V -3 )

.
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DECIMAL

ADUWESS

^'AIN MEVOkY MAPPlNr,S

OCTAL

ADDRESS

************************************

USE

******* ******

U - IS

lb - 51

5?

55

5y

55

5b

57

58 - a 5

aa - a9

SO - S5

Su - 119

l^u - 1^1

\?d - 1 ai

\^d - 15d

1S5 - IBS

18b - ^Ob

^^)b - c??^

? 5 - / b /

7b8 - 10^5

0-17 GENERAL REGISTER STACK 1

^0 - 37 GENERAL REGISTER STACK 2

UO PROGRAM STATUS ^ORO

ai BREAKPOINT REGISTER

a? STATUS REGISTER 2 (SR?)

a5 NEXT LOAD ADDRESS

aa CLOCKTIME

as REAL TIME CLOCK

iib ' S3 WORKSPACE (TEMP STORAGE)

SU - bl STACK (TEMP STORAGE STACK)

62 - bS I/O COMMAND *^ORDS (lOCW)

b6 - lb7 UNUSED

170 - 171 HEX ADDRESS FOR INPUT

17;^ - 21S INPUT CARD BUFFER

?lb - ?50 UNUSED

?51 - 27\ OUTPUT PRINT BUFFER

27? - 51S CRT BUFFER

51b - 5aS ERRORLIST

"^46 - 1 577 UNUSED

laOO - 1777 PAGE ADDRESS REGISTERS

Fiaure V-2
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AN/OYK-20 EMULATION
PROGRAM STATUS WORDS (PSW)

ACTIVE PSW: RESIDES IN LU REGISTER Al (MEMORY ADDRESS 32)

[

3130 29 23

-STATUS REGISTER 1
]

27 2625 24 23 22 21 20 1918 17 16 15 14 13 12 11 10 9 8 7 6 S 4 ^ 7 1 n

f T^
1 1 1 1 1 1 1 1 i f 1 1 i 1 1 1 i M 1

1

PROGRAM ADDRESS REGISTER (PAR)

GENERAL REG STACK 0(0) or 1(1)

INTERRUPT T.nrvnnT '-i.i.qc; t tt ttt

BREAKPOINT RE AD ( 1 ) /WRITE ( 10 ) /BOT

PAGING *

CONDITION CODES

FLOATING POINT ROUND /R^S I DU5:

FLOATING POINT OVERFLOW/UNDERFLOW

OVERFLOW DESIGNATOR

CARRY

K^Y 1 (On p^nfl VFV -'Mm •

REMOTE EXECUTE *

INACTIVE PSW: RESIDES IN MEMORY ADDRESS 33

[ STATUS REGISTER 2
]

I I M
I

I I I 1 I 1 I I
I

I
I

I
I I I ITTTI
INTERRUPT CODE ( NI)

INTERPRETED IF tn=10
3-

INTERPRETED IF m=12

INTERPRETED IF m= 1

4

INTERPRETED IF m=16

NOT USED

TRACE OUTPUT (CRT=1. PRT=0)

TRACE FLAG*

FIELDS ADDED FOR USE BY THE EMULATOR

F i a u r e v - 3
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a. D -Machine Peqisters

with only a limited number of high-speed registers

available in tne 0-machine/ the emulation design had to

include a we 11 -deve 1 ooed olan for their usage. Since only

seven registers in the D-machine were 16 bits or longer*

they were used exclusively for manipulating the AN/UYK-20

addresses/ instructions* ano data. The register environment

had to be consistent throughout every execution cycle to

allow utility routines to be celleo in the same manner by

all ODCode subroutines. The primary goal of the emulation

was to use as few memory references as possible to conserve

execution time and me^^ory soace. Judicious use of the

exist i no reaisters was a necessity.

Several factors haa to be considered before select-

ing a register for a particular function. The most impor-

tant consideration was its flexibility within the 0-machine.

The B register/ for example* was used as a general puroose

reaister* since its contents could be oated through a mas<-

ing filter orior to being utilized. A secona factor was the

type of operand it could contain. Double-wora operands

(3^-nit) ecu la only Pe stored in the 32-bit logic unit

registers while lb-nit ooerands could also be stored in the

memory control unit registers.

The' Al reoister contained the emulation's 32-bit

prograT) s^'atus /*ora (PS'O at the commencement of the emula-

tor oroararr'. It was not affpcted by individual instruction
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microconef exceot wnen incrementing the PAR, or when a par-

ticular instruction modified the PSh

,

tmulator toggles

resident in SRI could not be altered by an AN/UYK-20

instruction because their settings were independent of pro-

gram execution.

The A3 register held the instruction word for the

duration of its execution cycle. Each fielo of the instruc-

tion coulc oe decoded and interpreted from the A3 register

without havina to retrieve it from memory. Once the

instruction had been comoletely riecoced, A3 was maae avail-

able as a scratch cad reaister.

The A^ and B registers were used as scratch pad

reaisters durina each opcode execution cycle. In general*

their contents were volatile* exceot wh.en they were specifi-

cally documented in the the proaram listing. The contents

of ^ d. , for examole* was not altered in the tMULiN

subroutine* because of its use in the calling fetch routine.

A2 and H were manioulaten as either sinole or double- word

operanns during the arithmetic ©Derations.

The only remaining loaic unit register was the

memory information reaister (^iIR). MIR was used for storing

information into memory and as a temporary storage location.

Intermediate results were Deposited in ''•TR during instruc-

tion execution and returned through the B register.

The base registers* 6R1 and BR2* were used as

storage for addresses and single-length operands* and for
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teTiporary storage oi intermediate results. In addition, all

memory addressing in the emulation was accomplished using

the lower 8 bits of 6R2 and MAR (|VAR2). These memory con-

trol unit registers had to be used carefully, because they

reguired a seauence of several microinstructions to orooerly

reference their contents.

B. LOAUER

The loader incorcorate'-i into the AN/IJYK-^O emulation

provided a simple mechanism for loaainq AN/uVK-20 instruc-

tions into main •nem:Ory (S -memory) of the Burroughs micropro-

gramming system (Figure V-<^). Its control word repertoire

was flexible, allowina a variety of 'i^J/UYK-20 program

environments. Job control statements were included to exe-

cute and halt individual programs anywhere in S-memory.

The loader module consisted essentially of a scanner and

a translator written in the microcode. Information was read

into a 2f>-word buffer from cards or CRT input, then the

buffer contents were scanned for control code consisting of

one or more characters. Once these characters were inter-

preted, control was passed to the translator section which

decocjed the rest of the data in the buffer and performed the

reauired ^unction. The translator section consisted of a

variety of routines that handled soecific control words in

the loader reoertoire. The loader control statements, how-

ever, had to aocear in a looical seguence (See Appendix A),

All loader control statements are contained in Acpendix H,
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AN/UYK-au LO'^DEP

Card
Reader
Input

Fcho
Print

Internret
Control
Irfo

°e r f o rm

Cont rcl

function

T nnu t

i"

es /'L 1 nic To \
7^. Ffpulator J

<D
Figure V-^

76





The actual interface DioeHne between the loader and the

emulator consisted of two small emulator utility routines

which started and stoooed the external cloci< of the Bur-

roughs rr i c roo roaramrr i nq system. These routines were

inserted for emulation timing ourposes/ and provided a 'stop

watch' for Ai^J/(JYK-(^0 programs. The time recorded (in mil-

liseconds) by this 'stOD watch' was placed in a reserved

memory location in the emulation memory map/ and could be

read using either a trace control instruction ('T')/ or a

machine status control word C'^i').

C. THE FtTCH ^^OOULE

In order to emulate '^^.'/UYK-^0 execution ancj memory

referencina, fetch microcode was developed which incor-

porated memory aodressinq algorithms and instruction fetch

routines. Since both data and instructions were equally

accessible from the processor, the memory addressing scheme

was closely 1in<ed to the instruction fetch concert. Data

ana instructions couIg De interspersed throughout memory,

and prooer pronra^^ execution required that the program

address register point to an instruction word.

The emulation usee two routines for memory addressing,

EMULR. for reading, and E*''UL01JT for writing (Figures V-5,

V-o). These subroutines performed both paging and break-

point checking, deoenginq on toggles set in the program

status word. Paainq was incorporated into the emulation in

oraer to gauoe the execution overhead required in emulating
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the AN/UYK-20's oaainq scheme. The paging scheme imple-

mentea in the emulator divided main memory into ^Sb-word

oageSf instead of lO^a-word pages used bv the AN/UYK-20,

Since the Burroughs D-machine was organized for 256-word

pageSf the microprogramming required for the paging was

straightforward. The 256 page address registers resided in

the emulator's memory maopina^ each initialized to the page

number corresponding to their relative address (0-255). The

pacing algorithm imitated the AfJ/UYK-2u's method of page

addressing, ana included the setting of a page modification

bit.

The brea><coint option was added to orovide a method of

debugaing A'N/UYK-2'^ crograms, once the emulation was com-

pleted. t'^ULPi ana F^ULOUT tested toggles set in the PSW to

determine if oreakcoint read, write, or both was desired.

The memory addressing convention requirea all memory

references from IK to 6aK to use tMI'LIN and tN''ULOUT. All

memory references to the memory macoinq arep> (0-1023) did

not use these routines^ but instead utilized aDsolute memory

referencino micro cooe.
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AN/Utk-20 eMULlN

PeacJ 1 '

F roff'

^emo r V
1

^i V Force
Y^t^'c;

\^

CED
F i au re V-5
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AN/UYK-2'^ FMULOU'

( e r, t r V j

i
Ar i t e to
'^emorv

\

(
''

)

F i aure V-6
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The instruction fetch routine (IFETCH) retrieved

instructions from Tiain memory based on the contents of the

program aodress register. Since IFETCH used E^^ULIN to read

the instructions from memory^ it could operate in a paging

environment/ with or without breakpoints (Figure V-?).

IFETCH was also resoonsible for incrementing the P/^R^ and

for testina the trace toogle prior to fetching an instruc-

tion, IFETCH was capable of retrieving any instruction word

in the program address soace (102^-65/535). In the event

that tf^e ucoer .nnemory limit was reached/ IFETCH would set

the PAR to 10 2a and continue execution. Trace toggle test-

ing was insertecj into IFETCH as part of the Duilt-in denug-

ging oacKace. Since IFETCH was called prior to every

instruction/ it was the logical choice for placing a call to

the debuage r

.
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AN/uVK-c!U IFE.TCH

Y s.

S

PAP
•;

^SFI-Ff ?/^ 7
lo^^ ]

N
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I nc r e^^en t

PAP

^ i
'dj

F i a u r e V - 7
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0. OPCODE IMPLFMENTATIGN

All of the <205 individual instructions emulated were

n i

c

roDPogramTed usinc an identical instruction decoding

mechanisTi, The routines that oerformed the reauired opera-

tions were terTiinal nodes on a large tree network^ whose

root was the OPCODE routine. OPCODE fetched an instruction

and isolated the oceration code field. The binary value of

the ODCode fiela was an index to an ooeration jump table

containing individual orcode f^-meTiory addresses. I'ithin

each oDccde routine was microcode which isolated the sub-

function 'f' field of the instruction and used its value as

an index to the next level of opcode analysis. Depending on

the ODcooef this last jumc could identify which instruction

was to be oerforTiea. If it did not^ further analysis of the

't' Of" ' a ' fields orovided the final inoex to the instruc-

tion. Instruction forn^ats ere described in Appendix C.

After the instruction had been executed/ control passed

back to the oocode routine* and then the execution cycle was

reoeatea for the e'nulation of the next ANi/UYK-^0 instruc:

tion. The A^4/OYK-20 proqramfT«er could cause this micropro-

grann 1 ooo to be exitea by either inserting an executive

return instruction (03*0,3/00) which caused a 'priority

interrupt' and halted program execution, or by coding an

instruction tnat was not i-nplemented/ not assigned, or

caused a civision overflow. The last three cases caused an

execution fault, while the for^^er resulted in normal program

termination (Fioure V-^),
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AN/l)VK-ro EMUL/^IIUN GENERAL STRUCIURE

V—'t,ii' y
Sr .., M
Uf>e

D 1

Fptch
I

Wou t- i ne
Ana 1 y «i 1 s

Ort ab 1 e

Opcodes
00-7b

Opcode

P ' el ris

Odc ode :

« w , .-^ T , P K

ZD

Fiaure V-8
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The instruction fetch Tode of OPCODE assumed that the

PAR always oointed to an instruction word. Double-word

instructions always had their 'y' fiela fetched after they

were determinea to be two words in length. Conditional

aouble-word instructions performed their condition test

before the 'y' fiela was fetched. If the test failea^ the

PAR was incre-^ented by two orior to returning to OPCODE: for

continued execution.

The OPCODE routine was also written to accommodate the

A^J/UYK-3G 'remote execute' instruction. when this operation

was cerformed, a bit was set in the PS*"i which would indicate

that one instruction out-of-line was beinq executed. For

this operation, the current PS.'.' was stored in memory/ and

the PAP was loaded with the address of the instruction to be

executed. The OPCODE routine always checked the remote exe-

cute pit during an instruction cyc'e. If the Pit was set

,

it would fetch the instruction innicated by the remote exe-

cute PAP, and restore the actual PAP, incremented by two,

into the PS /J.

Some of the opcooe repertoire of the Ar>l/UYK-(^0 was not

emulated. Those instructions that were not emulated, how-

ever, retained slots in the opcode hierarchy for future

inclusion. Any instruction not implemented by the emulator

caused the machine to fault, and printed an error diagnostic

on the selected cutout device ('NOT I'^PLE'^-F.NTED - EXECUTION

F-iDS '), Similarly, locations were reserved for those

instructions not assigned bv the AN/iJYK-?U were reserved
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locations in the eTiulation . This permitted the errulator to

be responsive to any future AN/UYK-^0 hardware modifica-

tions. Whenever an instruction to be executed was not

assignea^ the emulator aenerated a fault interrupt and

printed ar error diac^nostic on the selected output device

('FAULT IMTE^^RUPT - tXECUTION E^JOS').

E. UTILITIES

Alt^iough each e-^ulated instruction cerformed different

ooerationsf each decended uoon a common set of utility

suoroutines to accomolish treir task. These subroutines

varied in cc^clexity^ but each oerformed a function that

contriruted to successful instruction execution. A simple

operation often required r^aister addressinq^ condition code

settinq, and memory addressina^ oefore the task was com-

pleted.

Utility subroutines were included in the emulation when-

ever feasible to simclify microorooramminq and to alleviate

orogrammina redundancy. T'^ese subroutines were called using

the successor command constructs available in TRAiXjSLAf-^G.

Depenainq on the purpose of the utility routine/ parameters

were oassed via D-machine reqister(s) or condition bit(s).

This information was utilize ci by the utility in determining

what ooeration was to be cerformed. In the carry

subroutine/ for example/ a local conaition bit was oassed

whici indicated the aporooriate condition code to be

inserted into tne PS.v. A more complex example/ the RX
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format utility routine* renuired two parameters to be set by

the instruction. Register A3 contained the instruction word

and LC2 was set or cleared depending on whether or not byte

foTTiatting was reauired, Tne RX routine called other

routines and could oerfor-r consiaerable processing before

the final result/ the effective operand address* was

returned to the calling routine via the fl register.

The utility section enco^noassed a number of routines

which oerfor-ned ccnolex data T^anioulation. Arithmetic util-

ities for multioli cation/ division/ and sauare root were

accessed by nine seoarate ANi/ijyk-20 instructions. Indirec-

tion routines/ whicn were called by the PX format routines*

emulateo the Ar, /UYK-^0 cascaded addressing caoabilities. A

general purpose move subroutine oermitted up to 25b cells of

main memory tc be moved ^rom one location to another. This

routine was used Py the emulator's error aiaanostic utili-

ties/ as well as tne load ana store multiple address regis-

ter i ns t rue t i ons .

F. INPUT/OUTPUT CONTkOLLER

Althouch the A.'^j/UYK-PO's IOC was not emulated/ several

of its design features were imitated in creating a general

purpose inout/outout controller for the emulator. The

input/output command instruction (35 PR) initiated the I/O

segue nee/ and reservea several cells in the memory mapping

for I /V control words (Ficure v'-9). These control words

contained fields which indicateo what oerioheral device was
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AN/UYK-20 EMULATION

INPDT/OUTPUT COMMAND WORDS

lOCW (50)

1514 13 12 1110 9 8 7 6 5 4 3 2 1T 1 M M M 1 1 1 1 3
INPUT(O) /OUTPUT (]

NOT USED

BUFFER COUNT

DEVICE ID *

I M M I I I I I I I I M I I I

BUFFER ADDRESS
THE MICROCODE ALTERS THE lOCW + 1

DURING BUFFER TRANSFER

M I M I I I

BUFFER SIZE
USED FOR CRT OUTPUT

I I I I I

NUMBER OF SECTIONS
USED FOR DISK TRANSFERS (NOT IMPLEMENTED)

CODE: 00 - CRT
01 - PRT (OUTPUT) /CRD RDR (INPUT)
10 - DISK (NOT IMPLEMENTED)

Fiqure V-9
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selected, the number of buffers that would be passea,

whether inout or cutout was desiredr and where the buffer

was locatea. Two additional words were reserved for control

data reauired to interface with the disk and the CRT. The

disk inout/outout t. icrocode was not incorporated into the

controller, but the fra-^ework was provided so the IOC could

be reao ily inserted in the future.

The emulator's If3C section was located in the utility

section of the emulation/ ana ocerated asynchronously with

the burroughs lOP. Since the IOC was collocated with the

emulator in the same D-Tiachine, it was not caoable of

indeoencient orocessino. Once it was initiated, emulation

execution waited until inout/outout was completed. The emu-

lation had to use the Burrouahs Common Language, since the

TOP was T^icrocroorammeg to acceot onlv this character set

from otner H -machines.

In oraer to transfer a 33-word line orinter buffer to

the lOP, the Ai^j/UYK-20 emulator IOC had to use 6b At\/UYK-?0

words. In order to send 2 words to the CRT, the IOC hao to

contruct a aO-woro ouffer. The CO'^^PRES subroutine packed an

AM/urK-^O buffer of 66, lo-bit words into a 32-bit, 33-word

buffer, suitaole for cutout to the lOP.
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Sirrilarly, on inout» a 2 -word lOP buffer from the card

reader or C^^T exoanded into a UO-woro AN/UYK-20 buffer. In

this case^ the EXPA^lD subroutine split every packed 32-bit

word of the lOP's buffer into two lb-bit wordSf suitable for

processing by the emulator. These additional data transfor-

mations were reouireo because of the buffering requirements

of the Burroughs lOP.
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VI. EMULATION TESTING

A. METHOD OF TESTING

The fundamental testing technique utilized throughout

the develooment of the emulation consisted of three distinct

phases: 1) each module was i ndeoenden t 1 y assembled and

debugged until successful assembly was achieved/ 2) each

program sea Tent was then tested for accuracy of the intended

operation, an<i 3) t'^e composite emulation program was tested

under actual orodram conditions allowing for interaction

amona several modules. A debuaging package, which was

develooed early in the emulation project, was the primary

test vehicle ^or verifyina emulation codino. Development

and testina of the loader was, however, completed prior to

the creation of the deouager.

Loader testina was accomplished, by monitoring the con-

trol oanel lights and synthetically halting program execu-

tion via the insertion of 't'vAIT' statements, forcing the

desired register to ce transferred to 'f''IR', and then re-

examining the panel lights. This process was extremely

tedious and ti^e consuming but proved to be an invaluable

tool for recoanizinc oeculiar TRA,^J SLANG constructs and

microinstruction execution side effects.
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Each module was subjected to an extensive desk checking

process in order to reduce trivial assembly errors before

runnino it on the machine. After a successful assembly had

been achieved/ the code was merged with previously existing

assembled modules. The emulator was expanded as more

modules were added/ with utility routines being incorporated

prior to the oocoae programs.

Initially, the loader was designed, programmed, and

thorouahly teste^^ crior to the microprogramming of any.

AN/UYK-i^O instructions or utilities. /Jith the loader imple-

mented, t.^e emulation of the UYK-20 instruction repertoire

coula oroceae with a minimum of loader induced problems.

Indecenaent opcodes and various utility routines were

added to 'the oreviously assemoled programs. The final emu-

lation consisted of a to^'al of 205 opcodes, a set of utility

programs, and a workable loader.

In the next Dhase of testinq, every module was subjected

to a reoresentative nu-nber of test cases which demonstrated

how closely they compared to the documented AN/UYK-^O opera-

tion. Artificial environments were createa to subject every

occode to a variety of situations. '.Mhenever the operation

of the ODCocie disagreed with the documented AN/UYK-20 ooera-

tion, the opcode's function was thorouahly researcheo. The

opcode's sioe effects were cateaorized and questions formu-

lated. Often t!^e answers couM only be obtained from the

Univac field enaineer.
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To illustrate the complexity of testing/ an add instruc-

tion was tested with numerous operand combinations: two

positive ooerandSf two negative operands* one of each sign

yielding a negative result* opposite signs producing a posi-

tive result* and oooosite sians oroducing a zero sum. Dur-

ing each addition operation* the overflow* carry, and condi-

tion bits had to be monitored in status register I to verify

their aooropriate settina. This level of detail was

achieved witn all of t*ie imolemented oocodes in order to

oroduce an efficie'^t and accurate emulation.

Throughout the entire testing scenario* which composed

20% of the emulation project* the debugger routine (DUMPREG)

proviaea the necessary information for examining opcode exe-

cution. A representative samole deougger cutout is provided

i n Append i x .

OUf-'PRtG Permitted a snaoshot of both AN/UYK-20 general

reaister stac<s* ^^S'a* S^l* and SR2 , in addition to the D-

machine registers (Al, ^^, A3, 6P1* AmpcR, MIR) and the Bur-

roughs external cloc*<:. DU'-iPREG possessed sufficient flexi-

bility to be incorporated into the microcode at any ooint.

In the final emulator* however, the debugger is user soec i

-

fied* and will dump the A^i/UYK-20 emulator environment

either at every instruction fetch and orogram stop* or when

called bv a loader control card.
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B. SAMPLE TEST PROGRAMS

After subjectinq the entire emulation to extensive test-

ing/ some representative test orograms were developed to

demonstrate the feasibility of the emulation ana its capa-

bilities and performance as compared to an actual AIm/UYK-PO,

There were two programs which were selected because they

incorporated numerous emulation features. The two programs

were the solution of simultaneous linear equations by

Cramer's rule ana generation of prime rumoers. It must be

noted that streamlineo oroaram design was not emphasized but

rather utilization of a variety of opcodes and features of

the emu 1 a t i on

.

The program for solving linear eauations contained a

total of 2B opcodesf reauirina 28 opcode execution cycles

and -il instruction fetches. The oroaram demonstrated all

four fundamental mathematical operations/ numerous store and

load functions/ a comcarison test ana a jump instruction.

The capability of performing card reader inout and output

was addea when the emulator IOC was comoleted.

The prime numoer crogram demonstrated 50 instructions

which reouireo 116 oocode execution cycles/ and 122 instruc-

tion fetches. This oroaram illustrated numerous comparison

testS/ loopina structures/ several jump instructions/ a load

multiple instruction, addition, and division. The test pro-

grams are included in Apoengix E,
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C. TEST RESULTS

The oerformance analysis of the test programs consisted

primarily of running numerous test cases/ examining the

results for accuracy and computing the total time reguired

to execute the e-Dulatea AN/UYK-20 programs. The timing of

the programs was accomplished by using an external clock

available on the ICP, The clock time provided a fairly

close representation of the emulation execution time/ but it

cannot be considered a completely accurate measure since the

emulation must interrcaate the lOP to retrieve the external

clock contents. Ado ro x i ma t e 1 y 50 microseconds are usea when

samp ling the c 1 oc < ,

The time rea uirements of the AM/UYK-20 program execution

were hang-calculated by summing the published instruction

execution ti'^es as presented in Ref. 21. The emulation per-

formance ratio (EPf?) was comcuted merely to give an approxi-

mate indication of t^e emulation performance. The EPR is

the ratio of measured Burrouohs emulation time to the calcu-

lated ATv/UYK-aO execution time. Two EPP figures are

recoraeo: one with oaging implemented and one without. The

paging EPP fiaure is sianificant only in that it indicates

how much additional overnead must be incurred when emulating

the Paging mechanism of the AM/UYK-20. The reguired addi-

tional execution time was about 2b%. ^iaturally/ paging

overhead is airectlv proportional to the numoer of instruc-

tion fetches or memory references performed during a pro-

gram.
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The results of program testing are as follows:

CRAMER'S PULE PRIME NUMBERS

Number of Cocodes

Number of Fetches

Execut i on Cycles

Time w/o oaoi nq

Time with Paging

AN/UYK-20 Time

EPR w/o Paqi ng

EPR with Pagi ng

28

HI

28

SOOO usee

8000 usee

78 usee

6a :

:

1

103 :

:

1

30

122

116

13000 usee

17000 usee

193 usee

67 :: 1

88 : : 1

These figures represent only aooroximate comparisons of

the two r^achines. These computations oroviae an estimate of

emulation Characteristics. An effective EPR without paging

was projected to be 65::1.
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VII. SUVM/\RY AND RECOMMENDATIONiS

A. EXPERIENCE VilTH HARD/.ARE

The efrulation oroject provided t^e unique opportunity of

learning ancut two computer systems. The Burroughs D-

machine demanded a detailed knowledae of hardware ooeration,

as well as a thorough understanding of the microprogramming

language^ TR^NSLANG. The comouter architecture and proces-

sor capaoilities of the AM/iiYK-20 had to oe investigated and

then inteqratea into the control store memory of the

Burrough's D-mac'^ine.

On several occasicnsf haroware malfunctions with the

Burroughs equipment creventeo normal system operation. The

carg reader was inooeraple for several wee'<S/ and the disk

drive unit had to be reoaired several times. During the

final tnree *eeks of project develoomentf one O-machine

ceased to function orooerly. This restricted emulation

testing to. the remaining D -machine.

AlthouGh these hardware difficulties impeded normal pro-

gress of the orcjectf thev did not prevent the emulation

from successfully oeina completed. If a hardware problem

prevented emulation testing or gebuaning, other modules were

designed and testino was oostooned. This permitted con-

tinual emulation development regardless of the haroware
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status. In addition f considerable time and effort was

invested in t roub

1

e-shoot i no hardware ma 1 f unc t i ons r so they

could be isolated, diagnosed/ and recaired.

B. LESSONS LEARNED

The emulation project brought together many different

comouter science technioues and disciplines which will be

useful in future computer science enaeavors, A great deal

of experience in both comruter architecture and operation

was gained in two different types of comouters. Micropro-

grammina orovideo new insight into computer desian and

revealed many potential applications for programmable con-

trol store machines.

Since emulations normally require a larae development

effort* this project had to incorporate judicious system

design and project T^anagenent principles in order for it to

be complete-^ successfully. Careful monitoring of critical

stages of the emulation, ang coordination of the programming

effort to meet scneduled reau

i

remen t s , was necessary

througnout this research. The small programming team con-

cept proved to work extremely well in this project.

Finally, several software practices were strictly fol-

lowed that proved to t^e invaluable in constructing the emu-

lation. First, modular programrring succeedeo in partition-

ing the emulation into discrete modules which could be

designed, coded, tested, and implementea individually. The
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emulation was constructed in seqmentSf using the previously

verified modules as a test bed for the new modules being

built. Struct urea programming and prolific documentation

were useful in developing each microorogram routine because

they permittea each team me-r'ber to understand the function

of the program and how it could be used.

C. EMUL&TIOfi PROBLEMS

The most significant problem of the emulation was not

having had any experience with an AN/UYK-20 and not having

anyone readily available wit^ prior AN/UYK-20 experience.

This lack of kno^ledae createa some anxiety when attempting

to analyze the ramifications of individual opcodes.

The idiosyncrasies of certain oocodes were not made

self-evident Dy the AM/UYK-20 software manuals. Conse-

quently/ numerous code modules were redesiqnea when more

detailed information was provided by a UNIVAC field

engineer. This oroveo to be very time consuming, ineffi-

cientr ana frustrating.

Another emulation difficulty was the lack of working

registers in t^e host machine as compared with the taraet

machine. *"ihile the AN/UYK-20 has either lb or 32 general

registers, gepending on whether the second stack option is

incorporated, the 0-machine has effectively only seven work-

able reoisters containina 16 bits or more. Therefore, all

AN/uY^-^O registers had to oe mapped into S -memory which
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createa much lonaer register read /write times. This created

significant register manipulation problems which in some

cases required main memory references for instructions

intenoeo to De strictly regi s t e r-t o-req i s t er operations.

Conseauentlyf increased execution times resulted in a higher

emulation pe r f o rT^ance ratio (EPR), aecreasing the overall

emulation performance.

D. RESULTS

Emulatino the A\/UYK-20 on a Burroughs D-machine

required a consideraole amount of preoaration and olanning

before any results were realized. An in oepth analysis of

each computer's architecture ann operating characteristics

was conducted to insure that an emulation was feasible in

the allotted time perio:). From the inception of the pro-

jects the goal of the emulation was to imolement a standard

AN/UYK-^O orccessof". This decision was basea on the capa-

oility of t r e O-macnine ana an estimate of how much time

would be involved in developing^ deouggings and test i no the

final product. Although this goal was achieved, it was felt

more time could have oeen devoted to testing and verifying

emulation ©Deration.

The Arvi/UYK-20 emulation was a highly complex micropro-

gramming oroject involvinq nu^^erous data structures and

transfer protocols. A total of 205 A^i/LtYH-t^O instructions

were emulated out of nearly ?90 instructions in the reper-

toire (includina all IOC/ math pac, and clocl< interrupt
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opcodes). A.\/UYK-20 oiaonostic programs and user programs

will estaoHsh the v/alidity of the emulator's construction.

E. RECOMMENDATIONS AND FOLLOl\-ON TOPICS

Although 305 oocoaes have been i mo 1 ement ed f tested^ and

developed into a working emulation, there are still many

challenging avenues to pursue in creating the complete emu-

lation package. First/ testina is a continuous process and

should oe oerfoTTed in conjunction with code ootimization.

A comprehensive cccie optimization effort could improve the

EPR without sacrificina code readability.

Secono/ the floating coint and 'math oac ' options could

be implemented. The addition of floating point arithmetic,

trigonometric, and hyperbolic functions would significantly

strengthen the scientific capabilities of the emulation.

This woula be an extremely strenuous undertaking but would

permit more tactical oata applications of the emulation,

increasing its value to the r.'avy.

One area »,(hich could be examined is to perform a

comprehensive timing analysis befween an AN/UYK-20 and the

emulation, This could consist of collecting numerous bench

mark programs from ^iavy A'>j/UYK-2n installations, where per-

formance data could be accurately obtained. These programs

could then be run on the emulator, and analyzed with the

bench rr-ark results. The feasibility of replacing or substi-

tuting emulation host machines for target machines could be
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addressed and sunocrted by the tirninq analysis study.

An errulation of the ANJ/tJYK-20 input/outPut controller

could be incorporated into the emulation without serious

difficulty. Since a second 0-machine is available* the IOC

channel processor instructions could be etriulated and

inserteo into triat D-rracnine's control memory. The indepen-

dent processina characteristic of the AN/UYK-20 IOC would be

fulfilled usina tnis arrangement.

Finally/ when tne ourrouahs system is lintced with the

computer science deca r t men r
' s POP 11/50, the AN/UYK-20 emu-

lator could oe connectea to that system's peripheral

resources. This would allow future incorporation of an

AN/UYK-20 ULTPA assempler and a C'^S-?^ compiler into the PDP

11/bO system which coula then oroduce machine language

object cooe files for the A^J/UYK-20 emulator to execute.
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APPENDIX A, Af:/UYK-20 EMULATOR USER'S MANUAL

This aescriotion is designed to orovide sufficient

information to ooerate the Arj/UYK-20 eiTulation orogram. It

is assumed that the informal Burroughs D -machine manual in

the Burrouahs laboratory will suooly adeguate power-on

instructions and solve any hardware operating difficulties

which may arise.

The procedure for utilizing the A^J/UYK-20 emulator can

be dividea into four chases:

1) selection of the necessary loader control cards

(JCL) .

^) selection o^ the AN/UYK-20 program instruction set.

5) implementation of phases one ana two into the

reauireo card cr CRT format.

4) actual hardware implementation on the Burroughs

D-machine resultina in program execution.

Phase one can oe achieved by selecting the desired

loader control caras oescribed in Appendix B. The card for-

mat is identical to the CRT formats except that the CRT

requires tne user to <carriage return> at the end of every

line of i nnut data.

Phase two is accomplished by creating the A H / IJ Y K - ?

orogram from a subset of the 505 emulated instructions.
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Phase three consists of keyouncninq the desired JCL and

AN/UYK-30 orogra-n in the format illustrated in Appendix C.

The resultino job neck will typically be assembled as

f o 1 lows:

7SML0AD TED/UYK20-OBJECT

L ooooa

% loads the emulator into

m i c romemo ry

% load the program into

page ^

C 00206 FAULT iWTERRUPT-EXEC'jTIOrj E^'DS "

C 0021-1 \0T I-'PLEMENTED-EXECUTIOrj EKDS

C 00222 DIVIDE UVERFin'', - FAULT ENTERED"

************************
other des i red JCL
************************

AN/uyK-2 Program

5,0,3/00

(a = 00-17 octal

)

X priority interrupt

( manda t o ry card)

X commence program

exec u t ion

^^ (or Ml) % machine status (reg. dump

at termination)

% end job card
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Finally^ ohase four consists of the entire program deck

being loadeo into the card reader. It is assumed that the

lOP is at adaress 0015 hex, the selected interpreter is at

aaaress 05a9 hex, the line printer is 'READY', and the IRQ

switch is 'o*f'.

The IRi^ switch is a three-way toggle switch mounted on

the right side of the interoreter. In the ud position, IRQ

is 'on', horizontally it is 'off', and the downward position

is usea for external functions.

If either the interoreter or rne TOP is not at the

proper starting adaress, clear them py aepressing the

'CLEAR' button on each unit. If this procedure does not

remedy the situation, consult the user's manual in the

] abo ra t o ry .

Upon reading the ?S^iLOAO card, the system will load the

AN/UYK-20 emulator onject program into the micromemory of

the selectee interoreter. The program address counter (on

the interDret'=»r) will be at the beginning of the emulation

program, ad'jress 00 hex. At this noint, the user can

select CRT input and cutout by placing tne IRQ Si^itch to the

'on' (uDwaro) Dosition. If CRT incut is not desired, leave

the IRQ switch in the 'off' (horizontal) position. ^lext,

force step the interoreter oy momentarily depressing the FST

button (uppermost oush button on side panel of the inter-

preter). Do not hold in the FST button. This may cause

so-^e undesiraole side effects.
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After aeoressina the FST button, the AN/UYK-20 program

is loaaea into S-T.efrory, If trie input is expected from the

CRT, t'^e user must enter his program from the console. Oth-

erwise, the emulator will request cards from the card

reader. Once the program nas been loaded and the 'G' card

read, orogram execution beains.

After successful program termination, the orogram

returns to the loader and asks for more input. At this

point, the user ray terminate his job, or start another load

seouence. It should be remembered that the AN/UYK-2U emula-

tor nas been designed for monoorogramming execution. It

executes one program at a tine, but can execute any number

of programs in sequential order if desired. i^jhen the job is

terminated, tne O-machine returns to its starting address

(0000 hex) and awaits further orocessing, »*Jnen the user

returns to the start address, t^e system is effectively

'master c'\earen' since 3-'T<emory will be cleared prior to

executing any fur^'ner jobs. It is not necessary, however,

to use the ?S'-'LOA0 card for additional proarams or program

re-runs because the emulator object coae still resides in

micromemory.

If the results o^ program execution are not as antici-

pated, use of either a 'T* or 'Tl' option (trace card) is

recommenaed to provide the user with a fetch-oy-fetch pro-

gram trace witn the output to the printer or CRT respec-

tively.
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APPENDIX B. LOADER CONTROL CARD FORMATS

CARD COLUMNS

1 2 3 ^ 5 6 7 8 Q 10 1 1 1 2 1 3 1 a 1 5 1 6 - ?0

B R

w

B

decitr.al acJdr

C •J e c i T a 1 a d c r character string foil owed by a "

D dec i nna 1 addr data

£

G decirr. al aoor

I 1

2

rea? data

L dec . cage ny-^

p^

1

P

o dec . nuToe r

S 1

2

T

1

Note: All nuTiericfields are in neci.Tal
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LOADER CONTROL CARD DESCRIPTION

Control Card
Iden t i t i f i e r Desc r i pt i on

The '8* cara is used to imolement the
breakooint feature of the emulation.
This features allows the user to specify
a decimal address in columns ^-8,
Column 2 must contain a R or w to break-
ooint on a read or write operation
respectively. The default condition is
brea<Point on both read and write.

The 'C' card is used to insert character
strings into rremory
String

The charac ter
string starts in column 9 and continues
until terminateo by a Quote symbol (")

OP the string reaches column 80, The
decimal address where the character
string will be written is given in

columns ^-8. A blank or zero address
field causes the character string to be
inserted at the current load address.

The 'D* card is used to store decimal
gata from columns 16-20 into the memory
address found in columns ^"d . A blank
or zero address fiela causes the data to

be inserted at "the currrent load
aadress ,

The 'F' caro is usea to indicate the
end-of-job and therefore is a mandatory
control card for job seoaration.

The 'G' card or 'GO' card is used to

start execution. The starting decimal
address is in columns 4-8. The aefault
value of a blank or zero address field
will cause orogram execution to start
adaress 0102a.
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The • I ' card
i s used to ^

columns 16-^0 into the
nated in columns 7-8

or set index register card
store decimal data from

regi s t er des i g-
i nt o the qene ra

1

reqi ster stack
CO I umn 2

.

(1 or 2 ) spec i f i ed in

The 'L' or load card is used to oarti-
tion men^ory into 256, 25b-word (32-bit)
oaaes and to load the program into the
decimal page as referenced by columns
^-8. Pages 0-3 should not be used
because they contain the reouired emula-
tion register mapping and established
workspace. The 'L' is a reouired con-
trol card, and it is recommended that it

be the f i rst JCL card.

The 'M* card or machine status card pro-
vides a register dump, whereever it is

It is normally placed between
nd 'E' cards in the JCL deck.

If

The
i na

P* card is used to implement pag-

The ' f?
' or reserve space card is used to

reserve memory snace as specified
oecimallv in columns 4-8.

The 'S' card is used to simulate setting
of the proaram stop switches (1 and 2)

on the AM/UYK-2 maintenance panel.
Column 2 must contain a 1 or a 2. Two
cards are reouired if both switches are
to be set

.

The 'T' or trace card provides a fetch-
Dy-fetch program trace, dumping the
entire machine status on every fetch
cycle. If a 1 is in column 2, the trace
will be displayed on the CWT. This card
is recommended for debugging programs.
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APPENDIX C. AN/UYK-20 EMULATOK II<iSTRUC T I ON FORMAT

Format Card Colun^ns

5 b 7 8 q 10 11 12 13 la

PR/ RL, opcode , 'f , ' a '
/ ' m '

RI Tyoe 2

5 6 7 8 Q 10 11 12

PI Tyoe 1 ODCode , 'f' / • d '

RK, RX

5 6 7 8 9

ODcode / '

f
' ,

10 11 12 15 la IS 16-20

Notes :

1) All fie'ds are in octal with the exceotions of
addresses ann t^^e 'v' field which are aecimal

2) Al] fields fnust ioe zero-fiHed
3) The foMowina field restrictions must be followed

Field

Opcode
' f

'

'a'

•d'
'y'

addr

Range

0-76
0-3

OO-l 7

00-1 7

000-377
00000-65S55
00000-65535

Base

octal
octal
oc t a 1

octal
octal
dec i ma
dec i ma
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APPENDIX D. SAN'PLE DEBUGGER OUTPUT

This aocendix orovides a samole orograrr output illus-

trating the Trace ootion. The debugger is called at the

beginning of every instruction fetch, and at the termination

of the proqra'^. Scace Has oeen oroviaed for dumping a8

mefT-ory adoresses including emulated aN/UYK-20 registers and

D-macnine registers. Each output line consists of eight

regions printed in hexadecimal with a total of eight hex

digits i ^P bits) per region.

The listing is annotatea to inaicate the ioentity of

each output cell. A summary of cell definitions (numbering

from left to riohr, too to bottom) follows:

DECI'^AL ADDRESS
******************

0-15
16 - 31

32
33
3a

35
36
37
38
39
40
ai
U2
43

aa - 47

DESCRIPTION
;*****************************
General Register Stack 1

General Register Stack 2

Ppoaram Status ^''Jord (PSI/'O

Breakpoint Register (BREAKPT)
Status Register 2 (SR2)
MEXTINSTR (next load adaress)
C 1 oc k t i me
Real-Time Clock (RTC)
AMPCP
Al
A2
A3
MIR
BRl
Unusea
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APPENDIX E. SAMPLE TEST PROGRAMS

The orograms listed in this aoDendix were aesiqnea to

illustrate how the AN/UYK-20 emulator can be used for

develocina orograms. The first two programs presented are

the generation of prime numbers and the solution of simul-

taneous linear eouations by Cramer's Rule. They depict

several Ai\/UYK-^0 control structures such as looping^ itera-

tion/ and condition code testing as well as numerous load*

store/ and arithmetic operations. Tne last program performs

the Cramer's Rule algorithm and demonstrates input/output

routines.
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APPENDIX F. EMULATOR LISTING

This aopendix orovides a listing of the TRAN SLANG

asseTibler outout of the AN/l.JYK-20 emulation, A source file

coDv of the emulator exists on disk as well as on cards, A

microinstruction oDject file is also maintained on disk.

The listino is dividei into four sections. The left

most section contains the microinstruction address composed

of four hexaaecimal digits followed bv a 5b-bit microin-

struction created from a TRAM SLANG instruction. The center

section contains the TRAi>i SLANG source which includes labels^

an instruction/ a^'~^/or a comment field. The final number

orinteo on the right most side of the listing is the

seauence numoer of the TRAN SLA fjG source statement. This

numoer/ orintecJ in cecimalf is created by a Burroughs

software utility orogram called CARD-LIST, This number must

be used when editing source oroorams on aisk.
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